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L-Methionine (L-Met) is a new product that supplies the biologically active form of
methionine. Therefore, the objective of this study was to elucidate the benefits of dietary L-Met
supplementation relative to the industry standard DL-Met. Sixteen gilts with an initial BW
81.2±7.93 kg were individually penned and randomly allotted to one of two equivalent dietary
treatments for 37 days in 2 trials (8 pigs/trial): DL-Met (0.050% of diet) or L-Met (0.052% of
diet). Body weight and feed intake were measured on days 0, 19, and 37 to calculate
performance measures. Pigs were harvested and carcasses assessed on day 38. Liver, loin
muscle, and subcutaneous fat were collected for antioxidant assessments. Data were analyzed via
Proc Mixed in SAS and significance was set at P ≤ 0.05. There were no differences between
dietary treatments in growth performance, carcass characteristics, or antioxidant status (P >
0.05). In conclusion, methionine form did not differentially impact animal growth or antioxidant
status.

ACKNOWLEDGEMENTS
I would like to extend my sincerest thanks to my major professor, Dr. Liao, as well as my
committee members, Drs. Dinh, Burnett, and Feugang, for their extensive help both in the
organizing and execution of my project as well as the writing of my thesis. This project would
not have succeeded if not for their abundance of knowledge and experience. Furthermore, I
would also like to thank the graduate students of the animal and dairy science department for
their help during the sample collection and animal harvesting portions of my project.
I would also like to express my appreciation for the use and management of the facilities
which housed the animals during my project, namely I would like to thank the Farm Manager,
William White. I must also acknowledge the ARS-USDA Poultry Research Unit (Mississippi
State, MS) who prepared the diets used in my project. The donations of various feed ingredients
for the animal diets from Prestage Farms of Mississippi, Inc. (West Point, MS) and Evonik
Nutrition & Care GmbH (Hanau, Germany) are greatly appreciated. Furthermore, I must
acknowledge the hard work put in by the MS State Meat Science/biology during the harvesting
of the animals used in my two feeding trials and would like to thank them for the use of their
facilities during this time. Lastly, I would also like to extend my gratitude to the MSU-ADS
Graduate Research assistantship program for funding me as I did my research. This research was
made possible through the funding of the USDA-NIFA Hatch/Multistate Project (No. 1007691)
and the MAFES Strategic Research Initiative grant (2019).

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS........................................................................................................ ii
TABLE OF CONTENTS .......................................................................................................... iii
LIST OF TABLES ...................................................................................................................... v
LIST OF FIGURES ................................................................................................................... vi
CHAPTER
I.

NUTRITIONAL MEASURES TO ENHANCE PIG ANTIOXIDANT CAPACITY:
WITH A SPECIAL REFERENCE TO METHIONINE ................................................. 1
Introduction: oxidative phosphorylation in pigs ............................................................. 1
Generation and functions of reactive oxygen species ..................................................... 3
Reactive oxygen species generation from complex I ................................................ 3
Reactive oxygen species generation from complex III ............................................. 4
Reactive oxygen species generation in the matrix .................................................... 5
Reactive oxygen species function as cell signaling components ............................... 5
Antioxidant systems and oxidative stress in pigs ........................................................... 6
The first level of defense ......................................................................................... 7
The second level of defense ..................................................................................... 9
The third level of defense ...................................................................................... 10
Oxidative stress and its deleterious effects ............................................................. 10
Prooxidative problem ............................................................................................ 12
Nutritional measures to enhance the antioxidative capacity in pigs .............................. 13
Minerals ................................................................................................................ 14
Vitamins ................................................................................................................ 15
Plant-based by-products......................................................................................... 16
Amino acids .......................................................................................................... 17
Methionine functions as an antioxidant for pigs ........................................................... 18
Forms of methionine differentially affect antioxidant status ................................... 19
Methionine affects antioxidant status in a tissue dependent manner ....................... 20
Methionine deficiency alters antioxidative pathways ............................................. 20
Conclusions and perspectives ...................................................................................... 22
Figures ........................................................................................................................ 23

iii

II.

A COMPARISON OF L-METHIONINE VS DL-METHIONINE
SUPPLEMENTATION ON THE GROWTH PERFORMANCE, REDOX STATUS,
AND CARCASS CHARACTERISTICS IN FINISHING GILTS................................ 26

III.

OVERALL DISCUSSION AND FUTURE PERSPECTIVES ..................................... 42
General discussion ...................................................................................................... 42
Overall conclusion ...................................................................................................... 45
Future research perspectives ........................................................................................ 45

REFERENCES ......................................................................................................................... 47

iv

LIST OF TABLES
*Tables contained in Chapter 2 are currently restricted. Please see note in Chapter 2.

v

LIST OF FIGURES
Figure 1.1 The protein complexes of the electron transport chain ................................ 23
Figure 1.2 The mechanism of reactive oxygen species generation in complex I ........... 24
Figure 1.3 The mechanism of reactive oxygen species generation in complex III......... 25

vi

CHAPTER I
NUTRITIONAL MEASURES TO ENHANCE PIG ANTIOXIDANT CAPACITY: WITH A
SPECIAL REFERENCE TO METHIONINE
Introduction: oxidative phosphorylation in pigs
Like many other living organisms, pigs have elaborate metabolic energy-capturing
mechanisms to support life processes. These include aerobic and anaerobic pathways. The
aerobic pathways, on which pigs rely, mainly use oxygen as the terminal electron acceptor to
produce water. Oxygen is the main electron acceptor in the body due to its abundance on earth
and its unique chemical properties, such as its electronegativity, ability to form water, and ability
to readily diffuse across cell membranes (McKee and McKee, 2012). The aerobic metabolism in
pigs occurs mainly in cellular mitochondria, which consists of three major stages: the citric acid
cycle, electron transport chain (ETC), and oxidative phosphorylation (Nelson and Cox, 2008).
Briefly, after a pig consumed a feed rich in carbohydrates, lipids, and proteins, these nutrients
will be broken down in the gastrointestinal tract to yield smaller nutrients, such as glucose, fatty
acids, and amino acids. These small nutrients are then absorbed through the epithelia.
Afterwards, the nutrients can be catabolized to yield acetyl-CoA, which will enter the citric acid
cycle by reacting with oxaloacetate to form citric acid (Wu, 2017). A complete run of the citric
acid cycle results in the production of one molecule of ATP, three molecules of the reduced
nicotinamide adenine dinucleotide (NADH), and one molecule of the reduced flavin adenine
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dinucleotide (FADH2). NADH and FADH2 will serve to introduce electrons to the ETC to
generate ATP (Nelson and Cox, 2008; Wu, 2017).
The hazardous nature of electrons and oxygen could come into play during the ETC
process (Figure 1.1) that consists of five protein complexes (CI, CII, CIII, CIV, and CV) that
channel electrons and protons (Scialò et al., 2017; Nelson and Cox, 2008; Wu, 2017). NADH is
capable of reducing CI and FADH2 is capable of reducing CII. The reduced CI and CII will
respectively pass electrons to coenzyme Q (CoQ; a.k.a. ubiquinone) to produce ubiquinol. Then
ubiquinol will reduce CIII, which will further reduce cytochrome C. The reduced cytochrome C
will travel to CIV to reduce it, and the reduced CIV will finally reduce the oxygen to water
inside the mitochondrial matrix (McKee and McKee, 2012). As electrons travel from CI to CIV,
they successively drop in their energy state, and the energy released from this is used by CI, CIII
and CIV to pump protons from the mitochondrial matrix, against their concentration gradient,
into the mitochondrial intermembrane space. The concomitant, unequal movement of protons
and electrons creates an electrical gradient, known as the protonmotive force which energizes the
inner membrane (McKee and McKee, 2012).
The electrochemical gradient generated by the electron transfer is used by the final
complex, CV (a.k.a. ATP synthase) as an energy source for oxidative phosphorylation
(Neupance, et al., 2019). Now the protons congregated in the intermembrane space will move
down their concentration gradient and re-enter the mitochondrial matrix by passing through the
channels in the F0 subunit of CV, which will allow the F1 subunit to synthesize ATP from ADP
and inorganic phosphate. The high energy phosphate bonds in the ATP are where the nutrient
energy is finally captured, and the ATP molecules function as the "molecular currency" for
intracellular energy transfer.
2

Generation and functions of reactive oxygen species
Aerobic metabolism produces more energy than anaerobic metabolism; however, the
aerobic metabolism also poses some dangers to the animal due to the chemical properties of the
oxygen molecule (O2). Along the ETC are several points where electrons can leak from the
protein complexes, predominantly from CI and CIII, and some protons can also leak during
oxidative phosphorylation (Pourova et al., 2010; Del Vesco et al., 2014; Goncalves et al., 2015).
When unpaired electrons leak, they can be accepted by oxygen to form reactive oxygen species
(ROS). ROS are usually present as free radicals including peroxide, superoxide anion radical
(O2*-), and hydroxyl radical (*OH), but they may also present as highly reactive oxygencontaining molecules, such as hydrogen peroxide (H2O2). Free radicals are atoms or molecules
that contain one or more unpaired electrons and, therefore, are highly unstable and reactive. Free
radicals are capable of damaging biological macromolecules including lipids, proteins, DNA,
and carbohydrates (Surai, 2006; Birben et al., 2012). ROS can also react with nitric oxide,
generating reactive nitrogen species (RNS) that can act together with ROS to damage
macromolecules, cells, and then animal tissues (St-Pierre et al., 2006).
The major site of ROS generation is the inner mitochondrial matrix (Pamplona et al.,
2006). In a healthy animal, approximately 2 to 4% of total oxygen used cannot be fully reduced
to water but is instead used to generate ROS (Bottje et al., 2006). Currently, there are at least
three mechanisms proposed, by which ROS are generated from the ETC complexes (Murphy
2009; Scialò et al., 2017), and these mechanisms are briefly reviewed as follows.
Reactive oxygen species generation from complex I
As shown in Figure 1.2, CI acts as the ETC entrance point and accepts electrons
predominantly from NADH at a site named flavin mononucleotide (FMN) cofactor. Then, the
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electrons pass through seven iron-sulfur centers within CI (Zhu et al.,2016). The electrons exit
CI at the CoQ site, where CI passes electrons to CoQ and reduces CoQ to CoQH2. During this
process, the reduced FMN cofactor or the reduced CoQ site could erroneously pass electrons to
oxygen and generate ROS that will enter the mitochondrial matrix (Scialò et al., 2013).
Two mechanisms of ROS generation are observed in CI. The first one involves the FMN
cofactor and its dependency on the ratio of available NADH/NAD+ (Murphy, 2009). If the
relative amount of NADH is high enough to fully reduce the FMN cofactor, then the kinetic
factors could favor the reduction of oxygen to ROS instead of the eventual reduction of the CoQ
site. The NADH build-up in vivo can be caused by respiratory chain damage, slow respiration, or
isochaemia.
The second mechanism occurs when a high protonmotive force is coupled with an overreduction of the CoQ pool (Scialo et al., 2017). It is unknown how the high protonmotive force
occurs in vivo, but the over-reduction of CoQ is probably caused by an electron supply coming
from CII or by those metabolic enzymes that introduce electrons downstream (Chouchani et al.,
2014). The overwhelming level of CoQH2 will cause reverse electron transport (RET) to occur:
CoQH2 reduces the CoQ site of CI and electrons travel to the FMN cofactor. Then the reduced
FMN cofactor can react with NAD+ to form NADH or with oxygen to generate ROS. The exact
details of the RET process remain unknown.
Reactive oxygen species generation from complex III
As shown in Figure 1.3, the third mechanism of ROS generation involves CIII or,
specifically, the Qo and Qi sites of CIII that interact with CoQ and CoQH2. CoQH2 is not
oxidized in a single step, rather it returns to CoQ via a process known as the Q cycle (Iglesias et
al., 2015). During the Q cycle, CoQH2 loses a single electron at a time, which allows for the
4

transient formation of the radical semiquinone. It has been proposed that before semiquinone is
fully oxidized by CIII, it could react with oxygen to form ROS (Droge, 2002; Quinlan et al.,
2011). Any factors that disrupt the Q cycle or the function of CIII, such as the loss of cytochrome
c, changes in the protonmotive force, or changes in the redox state of either the CoQ or
cytochrome c pools, can result in ROS generation via CIII. These ROS will enter the
mitochondrial matrix as well as the intermembrane space (Scialò et al., 2017).
Reactive oxygen species generation in the matrix
Under normal physiological conditions, mitochondria are routinely producing ATP,
which keeps the protonmotive force low and the pool of NADH oxidized; therefore, ROS will
not be generated via the aforementioned mechanisms. However, there are some other direct and
indirect mechanisms that can generate ROS. In some cases, ROS are generated directly by
enzymes that interact with either the matrix NADH pool or the CoQ pool. For example, when
NAD+ is limiting, the enzyme α-ketoglutarate dehydrogenase can generate ROS while restoring
NAD+ (Starkov et al., 2004). ROS can also be produced by some enzymes indirectly. This occurs
when enzymatic reactions with NADH or CoQ alter the ratios within NADH/NAD+ or
CoQ/CoQH2 pools respectively, ultimately creating the environment necessary for RET and
subsequent ROS generation (Murphy, 2009). Nevertheless, whether or not these and other
mechanisms of ROS generation make a significant addition to the overall ROS generation is still
unknown.
Reactive oxygen species function as cell signaling components
Regardless of the molecular and cellular damages that can be caused by ROS, ROS at
low levels are, in fact, required by the body for various physiological functions (Sanz et al.,
5

2006). For example, ROS are active in cellular respiration, immune response, thyroid hormone
synthesis, reproductive performance, and cell signaling.
Sena and Chandel (2012) proposed that a low level of ROS are actually necessary for
cellular homeostasis due to their influence on cell signaling pathways. For example, peroxides
have been shown to diffuse away from mitochondria and regulate protein activities by oxidizing
the thiol groups on cysteine (Cys) residues. Furthermore, the RET-ROS appear to be required for
a host of cellular activities, such as myoblast differentiation and macrophage reprogramming
(Lee et al., 2011). Increased levels of ROS during cellular stress could act as an alarm to notify
the cell of changes in extracellular environment and subsequently aid in cellular adaptation. This
multifaceted functionality of ROS is somewhat constrained by their short half-life; thus, Scialò et
al. (2017) proposed that not only the amount of ROS generated, but also the site at which they
are generated, determines their physiological effects.
Although there is much debate over the purposes and necessity of these reactive species,
it is commonly agreed that their endogenous level must be maintained to protect cells and tissues
from damages that could occur due to the ROS reactivity.
Antioxidant systems and oxidative stress in pigs
As discussed above, the animal body constantly generates ROS that can damage its
macromolecules, cells, and consequently tissues. Therefore, to maintain physiological
homeostasis and for self-preservation, the animal body has several endogenous antioxidant
systems. These systems manage the levels of ROS and other oxidative materials, such as nonradical reactive derivatives of oxygen and nitrogen. They regulate overall body redox status and
prevent the excessive accumulation of ROS and other free radical species, thereby being an
essential component of aerobic energy metabolism. These systems function via complex
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enzymatic and non-enzymatic measures (Birben et al., 2012; Surai and Fisinin. 2015). While the
examples of enzymatic antioxidants include superoxide dismutase (SOD) and catalase (CAT),
the non-enzymatic antioxidants are compounds of low-molecular-weight, such as vitamins C and
E, carotenoids, uric acid, ubiquinones, and glutathione (GSH).
From a mechanistic standpoint, antioxidant systems are composed of diverse groups of
ubiquitous molecules. The non-enzymatic antioxidants include fat-soluble antioxidants (e.g.,
vitamin E, carotenoids, and ubiquinones) and water-soluble antioxidants (e.g., ascorbic acid, uric
acid, and taurine). The enzymatic antioxidants include SOD and CAT, as well as enzymatic
redox systems, which include the GSH system and the thioredoxin system (Yang and Lee, 2015).
The former consists of GSH, glutathione reductase (GR), and glutathione peroxidase (GPx); the
latter consists of thioredoxin, thioredoxin peroxidase, and thioredoxin reductase.
The aforementioned antioxidant molecules can be found in organelles, subcellular
compartments, and extracellular space throughout the body. The diverse cast and ubiquitous
distribution of these molecules allow for superlative protection against deleterious ROS actions.
All of these individual molecules behave synergistically as a comprehensive defensive army that
can be divided into three levels of major defense (Surai, 2006; Surai et al., 2015).
The first level of defense
The first level of antioxidant defense is to remove free radical precursors or to inactivate
the catalysts and, thereby, to prevent the formation of free radicals, such as ROS. A total of four
enzyme families, namely SOD, peroxiredoxins (PRX), GPx, and CAT, plus some metal-binding
proteins (including transferrin, lactoferrin, haptoglobin, hemopexin, metallothionenin,
ceruloplasmin, ferritin, albumin, and myoglobin, etc.) are responsible for this level of defense.
SOD is considered to be the main element of the first level of defense since the superoxide anion
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is the main free radical generated in the cell. The function of SOD is to reduce or dismutate the
superoxide anion (O2*-) to oxygen (O2) and hydrogen peroxide (H2O2). SOD has various
isoforms that are region specific. For instance, SOD1 is found in the mitochondrial
intermembrane space, SOD2 is found in the mitochondrial matrix, and SOD3 is found in the
extracellular matrix (Sena and Chandel, 2012).
Other enzymes including PRX, GPx, and CAT can neutralize peroxides. When reacting
with PRX, peroxides will oxidize an active Cys residue within PRX. The peroxides will then be
reduced, and the oxidized Cys residue can be reduced via GSH or thioredoxin thereby
reactivating PRX (Manevich et al., 2013; Hong et al., 2017). PRX also has multiple isoforms
that have a diverse range of functions and can reduce a broad range of peroxides (Lee et al.,
2015). Furthermore, the cellular location of PRX may also influence its preference for certain
peroxides (Hong et al., 2017).
GPx is a selenoprotein with selenium (Se) incorporated into the enzyme’s active site
(Matamoros et al., 2015). As a peroxide scavenger in coordination with GSH and GR, GPx
catalyzes the reduction of peroxides by using either GSH or thioredoxin as the reductant
(Matamoros et al., 2015). GSH is synthesized by nearly all types of cells and is the most
abundant thiol-reducing agent (Morand et al., 1997). GSH can be oxidized to GSSG, and GSSG
is reduced via GR. GSH can also act independently (i.e., without GPx) and scavenge free
radicals.
CAT can also scavenge peroxides; however, it does not undergo redox reactions as the
aforementioned enzymes do. Instead, it neutralizes peroxides via dismutation (Ratanasanobon
and Seaton, 2013). Due to the nature of this mechanism, CAT does not require an electron donor
(such as GSH) to return to its active state; rather, it functions through a haem-based redox-active
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cofactor (Mhamdi et al., 2010). CAT shows a lower affinity for peroxides and has higher rates of
catalysis (relative to PRX and GPx); thus, it is thought to be most useful at high concentrations
of ROS (Sanz et al., 2006).
Even though the first level of antioxidant defense is thorough and complex, some free
radical species can still escape and cause damage to biological macromolecules; thus, a second
level of defense is compulsory to scavenge radical intermediates, thereby disrupting their
potential chain propagation.
The second level of defense
Free radicals that escape from the first level of defense can initiate radical chain
propagation; therefore, the second level of defense consists of some chain-breaking antioxidants
that can scavenge radical intermediates. These antioxidants include vitamins C, E, and A,
carotenoids, metabolites (such as uric acid and taurine), and the GSH and thioredoxin systems
(Surai et al., 2015). For example, vitamin C is a powerful reducing agent capable of reducing not
only ROS but also some oxidized antioxidants (Amazan et al., 2012; Szczubial, 2015). Oxidized
vitamin C can be returned to its active state via reduction by GSH. Vitamin E is another major
defense molecule acting against lipid peroxidation due to its high affinity for peroxyl radicals,
and it is essential in the maintenance of cell membrane integrity (Niki, 2014; Jin et al., 2018;
Ruiz et al., 2019).
The antioxidants comprising the second level attempt to keep the length of the oxidative
reaction chain as short as possible by reducing the accumulation of peroxyl radical intermediates
along the chain (Lo Scalzo et al., 2012; Szczubial, 2015). Although these antioxidants limit chain
propagation, some damage can still occur (Surai et al., 2015). Ergo, the damaged molecules need
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to be either repaired or eliminated in order to maintain a healthy tissue. This can be done at the
third level of defense.
The third level of defense
The third level of defense acts as a janitorial crew that targets the damaged molecules for
either repair or elimination. This level of defense is comprised of both repair enzymes, such as
DNA ligases and polymerases, and eliminating enzymes, such as lipases and proteases (Surai et
al., 2015). Although these enzymes do not have a direct antioxidant nature, they are essential in
managing the effects of free radicals. Lipases can degrade the damaged lipids while proteases
and peptidases work together to degrade the damaged proteins. The lipids or proteins that can be
salvaged will then be repaired by phospholipases or proteinases, respectively. In addition, there
is also an extensive host of DNA repair molecules, including ligases, nucleases, and
polymerases.
Oxidative stress and its deleterious effects
In a healthy animal, the three levels of defense, as mentioned above, work together to
manage the levels of ROS and their deleterious effects. However, when a host animal
experiences some physiological stresses that disrupt redox homeostasis, such as those from
illness or environment (transportation, weaning, heat, etc.), the ROS production can be
excessive. When the ROS levels exceed the capacity of the body’s antioxidant systems, oxidative
stress can occur, which will further lead to animal illness and decreased animal productivity
(Sanz et al., 2006). Essentially, oxidative stress occurs any time the body’s antioxidant systems
are compromised or overwhelmed, and thereby become unable to maintain the redox status
within a homeostatic range.
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The ROS produced during oxidative stress can cause peroxidation of lipids, and
degradation of DNA, proteins, and carbohydrates. The products of these detrimental redox
reactions can further damage macromolecules by undergoing detrimental cross-reactions. For
instance, lipid peroxidation can cause some detrimental alterations in carbohydrates and proteins,
potentially inhibiting their functions (Pamplona et al., 2006). The damage caused by the
excessive mitochondrial ROS generation can impact individual tissues and entire organs, as
discussed below.
Oxidative stress has been suggested to inhibit the absorptive ability of the small intestine
in weaned pigs by disrupting its tight junctions and decreasing the viability of epithelial barrier
cells (Liu et al., 2016). The decreased animal productivity caused by oxidative stress is reflected
by the decreases in average daily feed intake (ADFI), average daily gain (ADG), and gain to
feed ratio (G:F). Oxidative stress even has postmortem effects. Recent studies have shown that
unstable antioxidant capacity of skeletal muscle allows for an increase in lipid peroxidation that
produces volatile, bad-smelling substances in it, which will lower meat quality and shorten meat
shelf-life (Lahucky et al., 2007; Xia et al., 2017; Serra et al., 2018).
Oxidative stress has also been reported to inhibit animal reproductive ability, and been
linked to many common pregnancy complications, such as preeclampsia, fetal growth restriction,
early labor, and miscarriage (Sugino et al., 2007; Berchieri-Ronchi et al., 2011; Su et al., 2017).
Oxidative stress can decrease boar sperm motility, cause higher incidences of sperm
morphological deformities, and ultimately lead to lower fertilization rates (Marin-Guzman et al.,
2000). In sows, pregnancy has been described as a prolonged period of oxidative stress due to a
combination of increased metabolic demands causing a higher incidence of ROS generation and
the maternal transfer of antioxidant nutrients to its fetus. It was reported that sows had
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experienced some degree of elevated oxidative DNA damage throughout the gestational,
lactational and weaning periods (Berchieri-Ronchi et al., 2011).
Prooxidative problem
Oxidative stress does not only occur through electron leakage from the ETC, but also via
prooxidants. Prooxidants are any molecules that can induce oxidative stress by either generating
ROS or by inhibiting antioxidant systems (Rahal et al., 2014). Classification of some molecules
as either antioxidants or prooxidants can be circumstantial and depends on environmental
conditions, such as pH or the presence of transition metal ions (Awad et al., 2001; Halliwell et
al., 2008). For instance, the well-known antioxidants ascorbic acid and polyphenols can also
exhibit prooxidant capacities. Otero et al. (1997) observed that the addition of ascorbic acid or
polyphenols to low-density lipoprotein that was already facing oxidation caused an acceleration
of oxidation. Hadi et al. (2007) suggested that polyphenols may reduce Cu2+ to Cu+, and that the
re-oxidation of Cu+ generates ROS. They also observed the ROS-caused DNA damage in
lymphocytes. Laughton et al. (1989) reported prooxidant activity of phenolic compounds in the
presence of Fe3+-EDTA, where the phenolic compounds greatly increased the generation of
hydroxyl radicals. Flavonoids are also well-known antioxidants that can function as a prooxidant
in the presence of transition metals (Mira et al., 2002). The antioxidant or prooxidant status of
flavonoids and phenolic compounds is highly dependent on the molecule’s structure (Ko et al.,
2006). Under normal conditions, however, the generation of ROS through any of the
aforementioned mechanisms is negligible (Rahal et al., 2014).
The relevance of assessing the antioxidant or prooxidant status of the aforementioned
molecules is also dependent on their behaviors during different maladies. For example, copper is
usually sequestered in the tissues, but if the organism experiences some illness that affects its
12

ability to sequester copper, then the copper could be present to interact with molecules that have
prooxidant natures and ultimately increase oxidative stress (Hadi et al., 2007). The antioxidant or
prooxidant status of some molecules could also be problematic for individuals who experience
some deficiencies of key enzymes. Ko et al. (2006) compared the potential prooxidant impact of
polyphenols on normal erythrocytes and glucose-6-phosphate dehydrogenase-deficient
erythrocytes and saw that GSH was decreased and GSSG was increased in the enzyme deficient
erythrocytes, suggesting that increased oxidation occurred.
From a practical standpoint, to attenuate the negative impact of oxidative stress to the pig,
much investigation has gone into nutritional measures that have the potential to enhance the
capabilities of pigs’ endogenous antioxidant systems.
Nutritional measures to enhance the antioxidative capacity in pigs
To maintain metabolic homeostasis, in turn allowing for optimal growth and production
efficiency, pigs must firstly be healthy. Oxidative stress can negatively affect pigs’ health status
and limit their productivity; therefore, it is practically essential to enhance the capabilities of
pigs’ antioxidant systems. Decades of research showed that dietary supplementation of
exogenous antioxidants can enhance the capacities of endogenous antioxidant systems in
animals, although the antioxidant capabilities of many nutritional supplements are transient. The
common nutritional supplements include some minerals, vitamins, amino acids (AA), and plantbased by-products that can act as exogenous antioxidant sources. When added to swine diets,
they can directly or indirectly enhance the capabilities of pigs’ antioxidant systems.
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Minerals
Minerals are commonly supplemented in swine diets to meet their recommended dietary
requirements for growth or reproductive performance. In addition, some minerals, such as Se and
Zinc (Zn), can also enhance the antioxidant status of pigs when fed up to a certain level.
Selenium has been used as a dietary additive to alleviate oxidative stress in animals due
to its presence in at least 25 selenoproteins, particularly GPx-1 through 6, within the body
(Pappas et al., 2008) and its ability to form selenocysteine, an AA that functions alongside
antioxidant enzymes to maintain animal redox status (Gan et al., 2014; Surai et al., 2015). It is
known that GPx is essential for the neutralization of lipid peroxides, and has a sparing effect on
vitamin E, which supports a similar role (NRC, 2012). Selenium and vitamin E can protect cell
and subcellular membranes from oxidation.
When fed at a supranutritional level, such as that above the level recommended by NRC
(2012), Se can impact every stage of swine production. At the weaning stage, a supplementation
of Se at 0.46 mg/kg to a standard corn-soybean meal diet caused an increase in blood GPx and
SOD activities, as well as an upregulation in the mRNA expression of key antioxidant enzymes
(Gan et al., 2014). This was accompanied by a decrease in the malondialdehyde (MDA) level,
suggesting that enzymatic antioxidant defenses were improved since MDA is an indicator of
lipid peroxidation. In boars, Se deficiencies have been reported to lead to an increased incident
of cytoplasmic droplets and other morphological deformities in semen as well as a decrease in
overall sperm motility (Marin-Guzman et al., 2000); these deformities and motility issues are
thought to be due to the high degree of polyunsaturated fatty acids in sperm membranes that are
susceptible to oxidative stress, which would be heightened during a Se deficiency. In gestating
sows, Se was supplemented at 0.35 mg/kg for the first 80 days of gestation, followed by 0.37
14

mg/kg during late gestation and lactation (Chen et al, 2016). This feeding regiment improved the
antioxidant capacity of the piglets post-parturition. The newborn piglets experienced an increase
in total antioxidant capacity (TAC) and had greater Se reserves in their kidney and loin muscle.
These alterations could provide a shield against future stressors such as processing and weaning.
Zinc also has some antioxidant effects. When fed to weaned piglets, Zn supplementation
at 2,500 mg/kg caused a decrease in the plasma MDA level, suggesting a decrease in lipid
oxidation, and improved the antioxidant capacity of jejunum and ileum after an acute stressor
(Bergeron et al., 2014). Bergeron et al. (2017) has suggested that Zn in conjunction with arginine
can promote the synthesis or release of GSH under the lipopolysaccharide induced oxidative
stress.
Vitamins
Vitamins, such as vitamin E, vitamin C, and ß-carotene, possess antioxidant properties
that can improve animal antioxidative status (Szczubial, 2015). Vitamin C is considered a major
antioxidant in extracellular fluids because it can regenerate vitamin E (Chan, 1993) and scavenge
hypochlorous acid and tyrosyl radicals. Vitamin C can also protect lipids from the damage from
RNS, the nitric oxide-derived compounds that can disrupt the animal’s redox status at elevated
levels by causing nitrosative stress (Martinez and Andriantsitohaina, 2009). Vitamin E can
protect the double bonds of ß-carotene and works better at a higher oxygen concentration. ßcarotene can break the chain reaction occurring during lipid peroxidation and appears to work
better at a low oxygen concentration. When vitamin E, vitamin C, and ß-carotene were
supplemented together to farrowing sows, the erythrocyte activities of SOD and CAT increased,
vitamin E and vitamin C plasma levels were increased, and lower plasma content of
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thiobarbituric acid reactive substances (TBARS) resulted, suggesting improved antioxidant
capabilities (Szczubial 2015).
Vitamin E is an important chain-breaking antioxidant, a main defense mechanism against
fat-soluble peroxyl radicals (Halliwell, 1944). Vitamin E is also present in phospholipid
membranes, attached by a phytyl chain, where it has antioxidant activity (Pieszka et al., 2017).
Another function of vitamin E is to reduce GSSG to GSH (Amazan et al., 2012). Recent studies
show that feeding supranutritional levels of vitamin E to pigs can have beneficial effects on their
redox status. Amazan et al. (2012) found that the natural form of vitamin E, when added to the
water source, can decrease oxidative stress of both piglets and sows, evident by a decrease in
GSSG. It is generally known that vitamin E and Se have a synergistic relationship when
functioning as antioxidants (Liu et al., 2016). When fed in conjunction with Se to heat-stressed
growing pigs, increases in GPx activity and GPx mRNA expression in the small intestine were
observed, accompanied by a decrease in gut leakiness (Liu et al., 2016). Vitamin E also has been
reported to improve meat quality postmortem by decreasing its lipid peroxidation and improving
its antioxidant stability (Jin et al., 2018; Lahucky et al., 2007).
Plant-based by-products
In recent years, there has been growing interest in using plant-based by-products as a
palatable source of exogenous antioxidants for pigs. Pomaces, for example, are by-products from
the oil and juice industries, which contain various nutrients (e.g., carotenoids, tocopherols, and
polyphenols) that possess antioxidant properties. In a study performed by Pieszka et al. (2017),
pigs fed black currant pomace had sequestered more vitamin E in longissimus lumborum muscle
than those fed a standard, wheat-based control diet. After a 90-day storage period, the meat also
had a lower level of TBARS, representing a less degree of lipid peroxidation. A similar study
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using olive pomace in swine diets reported a higher content of antioxidant substances and a
lower TBARS value in the raw meat mixture and the resulting sausages, when compared to a
barley-based control diet (Serra et al., 2018). Different pomaces, however, are known to have
varying levels of nutrients due to the differences in processing procedures, which creates
difficulties when attempting to incorporate them into a feeding regiment (Pieszka et al., 2017).
Xia et al. (2017) reported that when sugar cane extract was added to corn-based swine
diets, a decrease in both MDA content and SOD activity in longissimus dorsi was observed. Xia
et al. (2017) suggested that the sugar cane extract provided some antioxidant benefits and could
serve as an exogenous source of SOD.
Amino acids
Some AA can improve the antioxidant capacity of pigs. For instance, arginine indirectly
affects pigs’ antioxidant capacity by being an essential precursor for nitric oxide synthesis. Nitric
oxide can trigger the release of Zn2+ which can increase the expression of metallothionein-1, an
antioxidative enzyme (Bergeron et al., 2017). Arginine can also increase the hepatic total
antioxidant capacity, enhance the activity of plasma GPx and SOD, and decrease the plasma
MDA content during the periods of induced oxidative stress in weaned piglets (Zheng et al.,
2013).
Antioxidant status of pigs can also be improved through supplementation of glutamate
and aspartate. These two AA aid in the synthesis of multiple compounds, including GSH and
arginine. Supplementation of glutamate and aspartate to H2O2 challenged weaned piglets
decreased the serum MDA level, indicating a decrease in whole-body oxidative stress (Duan et
al., 2016).
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Cysteine, a conditionally dietary indispensable AA for swine growth and development
(NRC, 2012), is also essential for pigs’ antioxidant defenses due to its antioxidative properties
(Métayer et al., 2008; Yang et al., 2020). Cysteine is one of the three AA constituting GSH and
is the rate limiting precursor for GSH synthesis (Bauchart-Thevret et al., 2009; Conde-Aguilera
et al. 2016). Cysteine can also act as a direct ROS scavenger (Swennen et al., 2011). That being
said, Cys over supplementation can be dangerous due to the associated toxicity and its ability to
undergo auto-oxidation to form cystine and a hydroxyl radical, which can ultimately increase the
oxidative status and reduce the GSH content of the animal (Morand et al., 1997; NRC, 2012).
Methionine functions as an antioxidant for pigs
Methionine (Met), another dietary indispensable AA for swine (NRC, 2012), has several
non-proteinogenic functions within the pig body (Yang et al., 2020). Met plays roles in methyl
group donation, synthesis of the sulfur-containing AA (Cys and taurine), and maintenance of
nutrient metabolism and animal antioxidant status (Métayer et al. 2008; Yang et al., 2020). Zeitz
et al. (2018) proposed that the available L-Met could activate or enhance the activity of the
nuclear factor erythroid 2-related factor 2 (Nrf2), which in turn upregulates antioxidant
responsive element (ARE)-dependent gene expressions. It has been suggested that this Nrf2ARE pathway is responsible for transcription of multiple antioxidant genes, including SOD,
CAT, and GPx (Zeitz et al., 2018; Wang et al., 2019).
Methionine can directly affect pig’s antioxidant status via the Met sulfoxide system and
indirectly via its involvement in GSH synthesis. Both free and protein-bound Met are highly
susceptible to oxidation via ROS to Met sulfoxide, which can then be reduced back to Met by
Met sulfoxide reductase. This redox capability of Met is beneficial to the protein, as some
surface exposed Met residues near the active sites can be oxidized without inhibiting other
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critical AA residues and the function of the protein. Thus, Met acts as a protective ROS
scavenger and can protect proteins from proximate threats (Levine et al., 1999; Swennen et al.,
2011).
As previously mentioned, Met is essential for Cys synthesis, and Cys presence is the
limiting step in GSH synthesis; therefore, it is reasonable to state that Met is essential for GSH
synthesis. During oxidative stress, synthesis of Cys increases and synthesis of Met decreases due
to the stimulation of the transsulfuration pathway to yield Cys via the increased cistathionine βsynthase expression and the inhibition of Met synthase (Del Vesco et al., 2014). Under these
conditions, a sizeable endogenous pool of Met is required to meet animal’s Met and Cys
requirements.
Forms of methionine differentially affect antioxidant status
Methionine is usually supplemented via a racemic mixture of D-Met and L-Met (called
DL-Met), but the biologically active form is L-Met. Dietary D-Met is converted to L-Met by DAA oxidase inside the body (Zeitz et al., 2018). This conversion has led researchers to a question
whether supplementation of pure L-Met, rather than DL-Met, would be more beneficial to the
animal for its growth and health. Multiple studies have shown that the bioavailability of L-Met
was not different from DL-Met in weaned or growing pigs (Htoo and Morales, 2016; Kong et al.,
2016; Caetano et al., 2019). Zeitz et al. (2018) observed that feeding L-Met did not enhance the
capacity of the antioxidant systems of the weaned piglets relative to DL-Met. When L-Met was
fed to intrauterine growth restricted piglets, however, it increased the GSH content and decreased
the MDA content in longissimus muscle; nonetheless, it did not impact the SOD or GPx activity
in the muscle, nor did it alter the GSH:GSSG ratio (Li et al. 2017). Research, however, is limited
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on the impacts of feeding L-Met to finishing pigs and, especially, on how feeding L-Met would
impact pigs’ antioxidant status.
Methionine affects antioxidant status in a tissue dependent manner
Recent interest in Met nutrition has been drawn to Met effects on animal redox status.
Dietary supplementation of Met to a low protein diet was more efficient than a high protein diet
in increasing the GSH content of the liver in rats, and to a lesser degree, in muscle and cardiac
tissue (Morand et al., 1997). Furthermore, a Met deficiency can negatively impact an animal’s
redox status. In a study done by Perrone et al. (2012), rats fed a Met deficient diet experienced an
upregulation of gene expression for the proteins involved in fatty acid oxidation and higher
levels of Met sulfoxide in adipose tissue. In the liver, the levels of GSH oxidation products were
increased while the levels of GSH, α-tocopherol, and ascorbate were decreased.
Muscles appear to respond to the deficiency of sulfur-containing AA in a metabolic-type
dependent manner, which is exhibited by a comparison of three muscles in piglets: longissimus
muscle, a fast-twitch glycolytic muscle, rhomboideus, a homogenous mixture of slow and fasttwitch oxidative muscle, and semitendinosus, a heterogenous muscle composed of fast-twitch
glycolytic and mixed oxido-glycolytic muscle (Conde-Aguilera et al. 2016). Rhomboideus
contained approximately 70% greater GSH, yet it also showed a greater degree of lipid
peroxidation. Rhomboideus and longissimus muscles experienced a fiber shift from type IIB to
type I fibers, which are better equipped to oxidize fatty acids for energy expenditure.
Methionine deficiency alters antioxidative pathways
As previously mentioned, Met is needed for Cys and eventually for GSH syntheses; thus,
if Met is deficient, a decrease in GSH content can be expected. The decrease in GSH content has
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systemic effects on the overall antioxidant concentrations and pathways throughout the body that
will attempt to compensate for the deficiency. This compensation mechanism has been
demonstrated in several animal models. For instance, quails fed a Met sufficient diet that were
subjected to heat-induced oxidative stress expressed higher levels of GPx, while quails
(experiencing the same stressor) fed a Met deficient diet expressed increased CAT activity (Del
Vesco et al., 2014).
A similar defense mechanism is also seen in pigs. Neonatal pigs fed a sulfur-AA free diet
experienced a decrease in blood GSH and taurine, thought to be due to prioritization of Met
acquirement for protein synthesis (Bauchart-Thevret et al., 2009). Bauchart-Thevret et al. (2009),
suggested that Met was conserved instead of undergoing transmethylation and transsulfuration to
produce Cys. The sulfur-AA free diet also caused a decreased small intestine weight, a
suppressed cell proliferation, and an induced apoptosis in the small intestine. In a separate study,
young growing piglets fed a Met deficient diet for 10 days expressed an increase in SOD and
CAT activities in some adipose and skeletal muscle tissues, as well as an increase in GPx level
and activity accompanied by a decrease in the GSH and GSSG levels in the liver (Castellano et
al., 2015). The Met deficient pigs had comparable GSH levels in other parts of the body
measured, supporting the theory that the liver exports GSH to other tissues when necessary and
its synthesis will be limited by a decreased supply of sulfur AA (Richie et al., 2004). The
decrease in GSH availability could be compensated for by the increase in other antioxidant
enzymes. This, as well as the increased GSSG levels, suggests that there was an increase in ROS
activity relative to the amount of available endogenous antioxidants.
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Although the effects of Met deficiency on the antioxidant status of neonatal and weanling
piglets have been relatively well studied, literature regarding the impacts of Met deficiency on
the antioxidant status of finishing pigs is sparse.
Conclusions and perspectives
Due to the nature of oxidative metabolism, pigs are constantly in contact with free
radicals, such as ROS, which can have a negative impact on pigs’ health, production and
reproduction performance, and meat quality. Antioxidants are important molecules that form
complex defense systems to protect against the deleterious effects of free radicals. To assist pigs
to reduce the level of ROS or to deal with oxidative stress caused by the ROS, several nutritional
measures can be applied to enhance the capacities of pigs’ endogenous antioxidative systems. In
practice, these measures commonly include dietary supplementation of minerals, vitamins,
and/or AA. In terms of sulfur-containing AA, some necessary research observing the differences
(if any) between the effects of L-Met and DL-Met on the antioxidant status of finishing pigs is
warranted, since L-Met is a new crystalline Met product on the market for the feed industry.
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Figures

Figure 1.1

The protein complexes of the electron transport chain

An electron transport chain (a.k.a. cell respiratory chain) within a mitochondrion, showing the
five protein complexes (Complexes I through V). Complexes I, III, and IV transport protons
(H+) from the matrix to the intermembrane space concomitantly with the shuttling of electrons as
described on page 2.
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Figure 1.2

The mechanism of reactive oxygen species generation in complex I

Mechanism I occurs when the greater concentration of NADH relative to NAD+ fully reduces
the FMN cofactor which will lead to the reduction of O2 to form ROS instead of the reduction of
CoQ to form CoQH2. Mechanism II occurs when there is a high protonmotive force coupled
with a relatively high concentration of CoQH2 which causes electrons to be shunted backwards
through CI and potentially produce ROS as described on page 3.
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Figure 1.3

The mechanism of reactive oxygen species generation in complex III

During the Q cycle that occurs at C III, the radical semiquinone is formed. Normally it would be
converted to CoQH2 and electrons would be shuttled to cytochrome c, but, under some
circumstances, it reacts with O2 to form ROS as described on page 4.
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CHAPTER II
A COMPARISON OF L-METHIONINE VS DL-METHIONINE SUPPLEMENTATION ON
THE GROWTH PERFORMANCE, REDOX STATUS, AND CARCASS
CHARACTERISTICS IN FINISHING GILTS

*The contents of Chapter 2 are restricted per the request of the research sponsor. For further
information, please contact the author.
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CHAPTER III
OVERALL DISCUSSION AND FUTURE PERSPECTIVES
General discussion
Amino acid (AA) supplementation is necessary for the formulation of cost effective, low
protein diets. Furthermore, the ideal amounts and ratios of AA must be determined in order to
ascertain the ideal protein when feeding livestock. Methionine (Met) is one of the 20
proteinogenic AA that is lacking in the typical corn-soybean meal diets fed to swine (NRC,
2012); in fact, it is generally the 2nd or 3rd limiting AA (Humphrey et al., 2016; Yang et al.,
2017). Methionine is usually supplemented as DL-Methionine or DL-HMTBa. These two
supplemental forms are a racemic mixture of the D and L stereoisomers of Met, but L-Met is the
biologically active form (Dibner and Ivey, 1992; Shen et al., 2014). Before D-Met can be
utilized, it firstly must undergo a conversion process, featuring the enzyme D-AA oxidase
(DAAO), to yield L-Methionine (Estevez et al., 2020; Zeitz et al., 2018; Yang et al., 2020).
Endogenous Met availability is important due to the nature of protein synthesis, whereby all the
AA necessary must be present in order for synthesis to occur. With this in mind, it has been
suggested that feeding pure L-Met, a relatively new Met product, may increase the endogenous
pool of Met and improve animal health and productivity.
It has been established that a Met deficiency is deleterious to growth; however, with new
Met products commercially available, the question arises: is it more beneficial to feed pure LMet than a racemic mixture? There is conflicting research on this topic. For instance, there are
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studies done with weaned pigs (Htoo and Morales, 2016; Tian et al., 2016) and growing pigs
(Yang et al., 2017) that report no differences in growth performance between pigs fed equivalent
amounts of DL-Met or L-Met, suggesting there is no difference between the bioavailability of
these two dietary Met sources. This is concurrent with the data discussed in chapter 2, whereby
no differences were seen in finishing pig growth performance. Furthermore, studies done by
Kong et al. (2016) and Cho et al. (1980) found that there is little to no difference in
bioavailability between pure D-Met versus pure L-Met to nursery pigs and miniature pigs,
respectively.
With that being said, there are studies that report a difference in bioavailability between
pure L-Met and racemic Met supplements. Smith (1966) had conflicting results when feeding
chicks either L-Met, DL-Met, or DL-HMTBA. He suggested that differences in Met studies
could be due to dietary interactions, such as the dietary protein form (crystalline AA or intact
protein) or the presence of other AA in the D-configuration. While D-Met is readily convertible,
some AA such as valine cannot be converted and utilized (Marret and Sunde, 1965). These
differences between studies could also be due to slight dietary differences in AA
supplementation, or variable ages and growth stages of animals between different studies.
Methionine is also important in antioxidant systems with both direct and indirect roles
(Métayer et al. 2008; Yang et al., 2020). Methionine functions directly as an antioxidant through
the methionine sulfoxide system (Kim et al., 2014; Swennen et al., 2011; Levine et al., 1999).
Both free and protein-bound Met are highly prone to oxidation due to Met’s thiol group.
Methionine will undergo reversible oxidation to produce Met sulfoxide. Then, a family of
enzymes known as Met sulfoxide reductases will reduce Met sulfoxide back to Met, whereby it
can continue acting as an antioxidant. The endogenous Met pool also acts an indirect antioxidant
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because it is a reserve for the production of other sulfur-containing AA, namely taurine and
cystine (Cys) (Pacheco et al., 2018). Cytstine is one of the three AA that comprises the tripeptide
glutathione (GSH): the most abundant thiol reducing agent in the body (Morand et al., 1997).
Furthermore, GSH is a member of the glutathione antioxidant system (consisting of GSH,
glutathione peroxidase, and glutathione reductase) (Métayer et al. 2008).
For these reasons, the impact of Met form (DL-Met or the biologically active L-Met) on
antioxidant status was investigated in the current study. In finishing weight gilts, there was no
differential effect of Met form on total GSH, TAC, GPx, or MDA. Similarly, in a study
performed on weaned piglets, Zeitz et al. (2018) reported no differential impact on antioxidant
status when feeding DL-Met or L-Met. With that being said, these studies were performed on
healthy animals experiencing no undue stressors. The results may differ if the animal was
experiencing some prolonged stress, such as heat stress. When an animal experiences some
stressor, there is an increase in reactive oxygen species (ROS) production, thus the animal would
need stronger antioxidant systems in place to combat rising ROS and prevent oxidative stress.
For instance, L-Met supplementation to intrauterine growth restricted piglets increased GSH
content and decreased malondialdehyde levels in longissimus muscle (Li et al., 2017); however,
there was no comparison to another Met source in this study. Furthermore, it has been suggested
that L-Met could be responsible for activating transcription factors and ultimately the pathway
responsible or the transcription of many of the antioxidant enzymes (Wang et al., 2019).
However, this study also used L-Met, and had no comparisons to other forms of supplemental
Met was made.
Ultimately, more research needs to be done to elucidate whether or not dietary Met form
differentially impacts antioxidant systems, especially during times of stress. Although it seems
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evident that Met form (L-Met vs DL-Met) does not differentially impact growth performance in
pigs during any stage of production (weaning, growing, finishing), there is not sufficient
evidence to draw a similar conclusion in terms of antioxidant status.
Overall conclusion
Previous research has established that Met is a limiting essential AA that is usually
supplemented in swine diets to allow for optimal growth and feed efficiency. There are multiple
Met forms available, with the majority used in the industry being racemic mixtures of D-Met and
L-Met (i.e., DL-Met); however, L-Met is the biologically active form. D-Met must be converted
via the enzyme DAAO to the L configuration. Although this conversion adds an extra step in the
endogenous metabolism of Met, it appears evident that this conversion does not deleteriously
affect the bioavailability of Met in terms of growth performance. This has been exhibited in the
literature through studies comparing diets containing L-Met vs. DL-Met in multiple stages of
swine production, namely the weaning, growing, and finishing stages.
A similar conclusion could not be drawn regarding the impact of supplemental Met
source on antioxidant status of pigs. Although there were no significant differences caused by the
Met source (DL-Met or L-Met) in the current study in finishing weight gilts, there is insufficient
evidence supported by literature to determine the impacts, if any, are caused by the feeding of
different forms of methionine, especially during times of prolonged stress.
Future research perspectives
Based on the literature, it is evident that there are no differences in the bioavailability (in
terms of growth performance) of L-Met vs. DL-Met in weaned, growing, or finishing pigs.
However, literature regarding other measures of bioavailability in pigs, such as the nitrogen
45

balance or plasma AA profile, is sparse. Additionally, most of the studies cited previously were
done in healthy animals experiencing no experimental stressors. That is to say, they were not
suffering any illnesses or heat stress. Under normal conditions, the bioavailability difference
between the aforementioned Met products may be slight, but this difference may become more
exaggerated under stressful conditions.
For instance, heat stress has been shown to cause repartitioning of blood flow and
nutrients, which inevitably impacts amino acid metabolism (Mayorga et al., 2020; Ríus, 2019);
ultimately, the negative impact of heat stress causes the pork industry to lose an estimated $1
billion annually (Pollmann, 2010). Furthermore, heat stress has been connected to the generation
of reactive oxygen species and oxidative stress (Mujahid et al., 2009, 2005). This connection
signifies the importance of antioxidant systems for the maintenance of animal health. Studies
have shown that feeding materials, such as selenium and certain vitamins, that have antioxidant
properties can ameliorate oxidative stress by enhancing animals’ endogenous antioxidant
systems (Liu et al., 2016; Seven et al., 2009; Puthpongsiriporn et al., 2001). Because Met
metabolism may be affected by heat stress and has been shown to have antioxidant properties, it
is pertinent to more thoroughly evaluate the bioavailability of different Met products and their
impacts on pigs’ antioxidant systems and growth performance during heat stress.
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